Oocyte maturation and egg fertilization in both vertebrates and invertebrates are marked by orchestrated cytoplasmic translocation of secretory vesicles known as cortical granules. It is thought that such redistribution of cellular content is critical for asymmetrical cell division during early development, but the mechanism and regulation of the process is poorly understood. Here we report the identification, purification and cDNA cloning of a C-type lectin from oocytes of a freshwater fish species gibel carp (Carassius auratus gibelio). The purified protein has been demonstrated to have lectin activity and to be a Ca 2+ -dependent C-type lectin by hemagglutination activity assay. Immunocytochemistry revealed that the lectin is associated with cortical granules, gradually translocated to the cell surface during oocyte maturation, and discharged to the egg envelope upon fertilization. Interestingly, the lectin becomes phosphorylated on threonine residues upon induction of exocytosis by fertilization and returns to its original state after morula stage of embryonic development, suggesting that this posttranslational modification may represent a critical molecular switch for early embryonic development. D
Introduction
Cytoplasmic translocation is an organized sequence of events during oocyte maturation and egg fertilization in vertebrates and invertebrates. In this way, critical RNAs and proteins are targeted to distinct regions in fertilized egg to program asymmetric cellular division during early development (Bullock and Ish-Horowicz, 2001; Etkin, 1997; Kloc et al., 1993; Roegiers et al., 1999) . Cortical granules, the specialized secretory vesicles in oocytes and eggs (Wessel et al., 2001) , are synthesized and accumulated in the cytoplasm throughout oogenesis, and are then gradually translocated to the cell surface before fertilization (Berg and Wessel, 1997; Wessel et al., 2002) . The content of cortical granules has been extensively characterized in invertebrate sea urchins, but few are identified in vertebrates. Among those characterized in vertebrates, they appear to differ significantly from those found in sea urchins (Wessel et al., 2001) .
Lectins have been detected as major components in vertebrate cortical granules (Krajhanzl, 1990) . In Xenopus laevis, for example, about 70% of the released cortical granule proteins at fertilization turned out to be a lectin (Grey et al., 1974) , which is involved in the formation of egg envelope and one of its functions is to block polyspermy (Quill and Hedrick, 1996) . Recently, some cDNA clones for the lectins have been preliminarily obtained from vertebrates Xenopus and mouse (Wessel et al., 2001 ), but the detailed investigation has not been reported so far. Wessel et al. (2001) thought that the cloning and characterization of vertebrate lectins should soon have a better understanding of how this protein functions in both cortical granule biology and the fertilization reaction.
Gibel carp, Carassius auratus gibelio, discovered in northern China, possesses several interesting characteristics, such as the existence of males, and the reproductive ability of gynogenesis, and the karyotypic diversity of polyploid (Jiang et al., 1983; Zhou and Gui, 2002) . Recently, artificial propagation experiments, cytological investigation and molecular marker analysis have demonstrated that gibel carp has two different reproduction modes, allogynogenetic reproduction and gonochoristic reproduction (Gui et al., 1993; Zhou et al., 2000a Zhou et al., ,b, 2001 . These features make the fish an interesting model to study developmental programming and evolutionary genetics (Fan et al., 2001; Zhou and Gui, 2002) , and suggest that the two reproduction modes may subject to some protein factor regulation during oocyte maturation and egg fertilization (Fan et al., 2001; Shi et al., 2002; Xie et al., 2001) .
In the present study, we have detected and purified an abundant C-type lectin from the gibel carp eggs through comparing protein component difference in egg extracts between the gibel carp and a closely related bisexual color crucian carp (C. auratus). The research has now resulted in the identification and purification of a C-type lectin associated with cortical granules in fish. More importantly, we have discovered that this lectin is undertaking a programmed cytoplasmic translocation during oocyte maturation, and is later targeted to the egg envelope, likely trigged by a fertilization-induced phosphorylation event. These findings have now laid the foundation for further functional studies to understand cortical granule translocation, targeting, and regulation of exocytosis during egg fertilization and early embryonic development.
Materials and methods

Materials
The eggs used in this study were obtained by artificial induction from clone D of the gibel carp (Zhou et al., 2000a) , and control eggs were obtained from bisexual color crucian carp, C. auratus color variety. The fishes were cultured in Guanqiao Experimental Station, Institute of Hydrobiology, Chinese Academy of Sciences. During reproduction season, the selected brood fish were artificially induced into spawning by two intraperitoneal injections with a mixture of acetone-dried carp pituitary, HCG and Fig. 1 . Comparison of electrophoretic patterns between gibel carp (GC) and color crucian carp (CC) egg extracts, purity detection and molecular weight estimation of the purified protein. (A) Electrophoretograms of egg extracts from gibel carp (SC) and color crucian carp (CC) on 15% SDS-PAGE; there is no visible difference in SDS-PAGE gel. (B) Electrophoretograms of the same egg extracts on 4 -30% native gradient PAGE; quite different protein bands between these two kinds of egg extracts were unveiled. The arrow shows the specific protein bands in gibel carp (GC) egg extract. (C) Protein composition of the target protein-containing peak fractions at each step of purification detected by SDS-PAGE (left) and by Western blot (right). M: marker; Lane 1: gibel carp egg extract; Lane 2: flow-through of P11 column; Lane 3: fraction eluted at 0.3 -0.4 M NaCl from DE52 column; Lane 4: fraction eluted at 0.05 -0.1 M NaCl from CHT column. (D) Purity detection and molecular weight estimation of the purified protein by 2D-gel. There is only one point on the gel (indicated by arrow inside the gel); another arrow outside the gel indicates that the band of the purified protein (GCOL) run only in SDS-PAGE. LRH-A as described previously (Gui, 1999) . Acetone-dried carp pituitary was isolated in this laboratory. HCG and LRH-A were purchased from Shanghai Lizhu Dong Feng Biotechnology Co. LTD. Protease inhibitors, such as aprotinin, cytochalasin B, PMSF and cycloheximide, were purchased from Boehringer Mannheim and Sigma. P11 phosphocellulose and DE52 resins were from Fluka. CHT-2 column (2 ml) was from Bio-Rad. All other biochemical and molecular reagents were purchased from commercial companies, such as SABC, Promega, Clontech, Sigma and Boehringer Mannheim.
Preparation of egg extracts
Egg extracts from gibel carp and color crucian carp were respectively prepared as follows. First, the obtained eggs were washed extensively with chilled extract buffer (EB) (100 mM KCl, 0.1 mM CaCl 2 , 1 mM MgCl 2 , 10 mM HEPES, pH 7.7, 50 mM sucrose, 1 mM DTT, 0.1 mM PMSF, 25 Ag/ml aprotinin, 10 Ag/ml cytochalasin B and 50 Ag/ml cycloheximide). Second, the eggs were allowed to settle on ice and to centrifuge at 500 rpm (or by suction) to remove EB as much as possible. Third, the eggs were homogenized gently in a homogenizer in the presence of several protease inhibitors. The homogenates were subjected to centrifugation for 15 min at 14,000 rpm in the Hitachi rotor (SCR20BA) and were separated into three layers: a white lipid upper layer, a clear yellow middle layer and a viscous pellet. After removing the lipid layer, the yellow middle layer was collected with a chilled pipette and was clarified by recentrifugation. The resulting supernatant was termed the low speed supernatant (LSS). Then the LSS was subjected to ultracentrifugation at 44,000 rpm for 75 min in the Beckman rotor (Optima L-90K). After that, the middle layer was collected and was named the high speed supernatant (HSS). The supernatants (egg extracts) were used in electrophoresis analysis and the starting material for purification of the specific protein.
Electrophoresis detection
Two electrophoretic systems, SDS-PAGE gradient gel electrophoresis and native gradient PAGE, were used to detect and compare major protein band differences of two egg extracts between the gibel carp and color crucian carp. SDS-PAGE gradient gel electrophoresis was performed with Mini-Protein II (Bio-Rad). The separating gel contained 8-15% linear gradient of acrylamide. The electrophoresis was run at 150 V in the beginning and increased to 200 V when the sample had run into the separating gel for about 3 h. Native gradient PAGE was performed according to the method described previously (Zhu, 1992) . The separating gel contained 4 -30% linear gradient of acrylamide and the stacking gel contained 4% acrylamide. The electrophoresis was run at 100 V overnight.
Standard protein molecular weight markers (Bio-Rad) were used to estimate protein size. Gels were stained with coomassie brilliant blue R-250.
Protein purification
After a set of differential protein band was detected from gibel carp egg extracts, a purification effort was taken to isolate differential proteins from the egg extracts as described previously (Gui et al., 1994b) . The HSS extracts from gibel carp eggs were used as the beginning material. A protocol for three-step purification was obtained through trying a series of chromatography steps. First, the HSS extract was subjected to P11 (phosphocellulose, Fluka) column equilibrated with buffer P (20 mM Tris -HCl, pH 7.2, 5 mM h-phosphate glycine, 1 mM EGTA, 1.5 mM MgCl 2 , 50 mM NaCl, 1 mM DTT), and was eluted by a non-linear gradient of 0.2, 0.4, 0.7 and 1.0 M NaCl in the same buffer. Second, the fractions containing the differential protein band in P11 column elution buffer were pooled and applied to DEAE-52 (Fluka) column equilibrated with 10 mM Tris -HCl buffer (pH 6.5). The sample was developed with a non-linear gradient of 0.2, 0.4, 0.6, 0.8 and 1.0 M NaCl in the same buffer. Finally, the eluted fractions with the differential protein band from DE-52 column (2 ml, BioRad) were combined and applied to CHT-2 column (2 ml, Bio-Rad) equilibrated with sodium phosphate buffer and was eluted through a linear gradient of 10 -500 mM NaCl in the same buffer (pH 6.8) by fast protein liquid chromatography (FPLC) equipment (Bio-Rad).
Two-dimensional electrophoresis
The purified protein was subjected to 2D-PAGE to confirm purification to homogeneity. 2D electrophoresis was performed as described in literature. The first dimension was isoelectric focusing (IEF) with pH gradient (pH 6.0-8.0). The second dimension was 15% SDS-PAGE. 2D-PAGE gel was silver stained according to the method described previously.
Partial amino acid sequence determination
Following SDS-polyacrylamide gel, the purified protein was transferred to a PVDF membrane and stained with coomassie brilliant blue. After washing with distilled water, the single band was cut from the membrane. The partial amino acid sequences were determined by a gas-phase applied Biosystem Sequencer in Department of Biology, Beijing University (to be performed friendly by Dr. Jindong Zhao).
cDNA cloning and sequencing
After 12 amino acid residues were sequenced in a peptide of the purified protein, a degenerate primer P1 5V GATAT(ACT)GATCT(AGCT)GG(AGCT)TGCC A(AG) GA 3V (23 bp) was designed corresponding to the two to nine amino acid codes. The designed primer was used as forward primer, and combined with M65 (reverse primer of the library vector, 5VTTGACACCAGACCAACTGGTA 3V, 21 bp) as reverse primer to amplify the cDNA library prepared from eggs of gibel carp. PCR was performed as described previously (Fan et al., 2000) , and the products were purified with an Advantage TM-Pure kit (Clontech) and cloned into pGEM-T easy vector (Promega) for sequencing. DNA sequencing was performed using a Rhodamine terminator cycle sequencing Kit and an ABI PRISM(TM) 310 Genetic Analyzer (Perkin Elmer). After sequencing the cDNA fragment, a reverse primer P2 (5V CTTCTTCCACAGCATCTTGAACA 3V) was designed according to the obtained sequences, and the library upstream primer M64 (5VCCCGTCAGTATCGGCGGAAT 3V, 20 bp) was used as a forward primer to amplify the cDNA library (Fan et al., 2000) . Thus, the full length of differential protein cDNA was produced. Strategy for cloning the full-length cDNA was similar to that described previously. Homology searches were performed by BLAST at web servers of the National Center for Biotechnology Information. Homology comparison was performed using the ClustalW 1.8 program. The prediction of signal peptide and transmembrane segments was done using software at the ExPASy Molecular Biology Server (http://expasy.pku.edu.cn).
Preparation of poly-antiserum
Polyclonal antibody against the purified protein was raised in white rabbits. White rabbits were first injected subcutaneously with 50 Ag of the purified protein emulsified in complete Freund Adjuvant (Sigma). After the first injection, two times of booster injections were done with the same antigen amount but using incomplete Freund Adjuvant (Sigma) for each week. The rabbits were bled 2 weeks after the last booster and serum samples were stored at À 80jC until use.
Western blot analysis
The protein samples at different purification steps and protein extracts prepared from the ovulated mature eggs, fertilized eggs and early embryos at different developmental stages were subjected to Western blot analysis. After they were separated on 10% SDS-PAGE gel, the proteins were electrophoretically blotted to a nitrocellulose membrane. The membrane was blocked with 2.5% non-fat dry milk in TS buffer [100 mM NaCl, 100 mM Tris -Cl, pH 7.5]. Blocked membrane was incubated with rabbit antiserum against the purified protein at a dilution of 1:200 in TS buffer containing 1.0% milk and 0.05% Triton X-100 at 4jC for 1 h. The membrane was washed three times for 15 min each in TS buffer and then incubated with 1:200 (Fujiki et al., 2001 ) and rainbow trout (Zhang et al., 2000) . Homology searches were performed by BLAST at web servers of the National Center for Biotechnology Information. Homology comparison was performed using the ClustalW 1.8 program. The deduced amino sequences of gibel carp C-type lectin share 67% and 30% identity to that of common carp and rainbow trout, respectively. (C) Alignment of the deduced amino acid sequences of the gibel carp lectin with two teleost antifreeze proteins: rainbow smelt AFP (database accession number AAA49442) and sea raven AFP (database accession number AAA49618). We can find that the C-type lectin amino acid sequence shows 27 -29% amino acid identity to antifreeze proteins in teleost fish sea raven and rainbow smelt. The * signal indicates the conserved amino acid residues among these proteins. diluted alkaline phosphatase-conjugated goat anti-rabbit IgG (Sino-American). After washing three times for 10 min each in TS buffer, detection was performed using BCIP/NBT.
Lectin activity assay
Lectin activity of the purified protein was analyzed by hemagglutination activity, and was assayed using double dilution method. The purified protein was diluted with 50 Al of 0.15 M NaCl on microtiter plates and mixed with 50 Al of 4% rabbit erythrocyte suspension. The mixture was allowed to stand at room temperature for 30 min, and then the hemagglutination activity was measured. The hemagglutination activity was defined as the titer value of maximum dilution with positive agglutination of 2% rabbit erythrocytes. The inhibitory effects of saccharides on hemagglutination were assayed as follows. The saccharide solutions (25 Al, 200 mM) tested in this study were diluted 2-fold in series on microtiter plates and incubated with 25 Al of the lectin solution having hemagglutination titer values of 2 3 for 15 min. The rabbit erythrocytes suspension (4%, 50 Al) was added to the mixture and incubated for 30 min. The inhibitory activities were estimated by the minimum concentration of sugar needed to cause negative hemagglutination. To test the dependence of divalent cations on hemagglutination, the lectin was treated in 0.1 M EGTA for 15 min at room temperature and desalting by Macrosep OD003C37 Pall Gelman Laboration. The lectin solution was tested for hemagglutination activity in the 
RT-PCR analysis for tissue-specific and temporal expression
RT-PCR detection of the C-type lectin mRNAs was performed in various oocytes at different stages and different tissues. Four various oocytes (oocytes at primary growth stage, oocytes at cortical alveolus stage, oocytes at completion stage of vitellogenesis and oocytes at fully grown stage) were respectively taken from 1-year-old fish ovaries. Ovulated eggs were obtained from artificial induction spawning. Total RNAs from various oocytes, ovulated eggs and different tissues were respectively extracted using Trizol reagent (GIBCO/BRL). Aliquots were subjected to 1% agarose gel electrophoresis and stained by ethidium bromide to verify the quantity and quality of RNA. After treating with DNase I (RNase-free, Boehringer Mannheim), the RNAs were reverse-transcribed with SuperScript II Reverse Transcriptase (GIBCO) and oligo(dT) 8 -12 . The first strand cDNAs were used as templates for PCR. Primer P1 was used as sense primer and P2 as antisense primer. The condition of enzymatic amplification was established for 35 cycles involving an initial denaturation step at 94jC for 3 min, then each cycle performed at 94jC 30 s, 68jC 45 s and 72jC for 1 min. As a negative control, water was used instead of RNA for the RT-PCR to exclude any contamination from buffers and tubes. Aliquots (5 Al) of the PCR reaction products were separated by electrophoresis on 1% agarose gel containing ethidium bromide.
Immunofluorescence localization
Unfertilized and fertilized eggs were dechorened and fixed with 4% paraformaldehyde in PBS at 4jC overnight. After washing with PBS three times, the samples were immersed in 30% saccharose -PBS buffer for 4 h at 4jC. They were then embedded in O.C.T. (Optimal Cutting Temperature, Sakura), and sectioned at 7 Am in thickness with frozen microtomy (Leica). The cryostat sections were rehydrated in PBS for 30 min, and incubated for 1 h with 5% dry milk in PBS at room temperature to prevent non-specific binding of antibodies. The sections were then incubated with anti-GCOL antiserum (1:250 dilution) for about 20 h at 4jC, washed five times with PBST (10 min each), subsequently incubated for 1 h with fluorescein isothiocyanate (FITC)-conjugated secondary antibody (1:100 dilution, Zhongshan) in the dark and washed five times with PBS (10 min each). Finally, the sections were observed with a Leica DC100 fluorescence microscope and stained with hematoxylin -eosin to show the structure of the oocyte. Control sections were treated with normal rabbit serum as primary antibody.
To show the distribution of GCOL and cortical granule in the same oocytes simultaneously, cortical granules were visualized microscopically by Lens culinaris agglutininbiotin (biotin-LCA, Sigma L-4143) and Cy3-strepavidin (Sigma, S6402) fluorescence. Twenty micrograms per milliliter biotin-LCA was added into primary antibody. After incubation at 4jC overnight and washing with PBS, Cy3-strepavidin diluted in 1:50 was added as another secondary antibody.
Capillary electrophoresis assays
The extracts from unfertilized eggs and fertilized eggs were separated on SDS-PAGE, and their lectin protein bands were recognized by Western blot using the rabbit antiserum against the purified lectin. On the basis of the molecular weights and the results from Western blot, the lectin bands on PVDF membrane were cut. The cut lectin bands were hydrolyzed in 6 M HCl for 2 h at 110jC, then dried and dissolved in 20 Al of 10 mM borate buffer (pH 10.0). The hydrolyzed product was mixed with 20 Al of 1 mM fluorescein isothiocyanate (FITC, dissolved in acetone containing 0.05% pyridine, Sigma), and incubated in the dark for 12 h at room temperature.
To prepare FITC-tagged standard amino acids and phosphoamino acids, 2 Al standard solution containing each amino acid and phosphoamino acid (0.5 mM each) was mixed with 46 Al 1 mM FITC, 100 Al 20 mM borate buffer (pH 10.0) and 52 Al H 2 O. The mixture was incubated in the dark for 12 h at room temperature. FITC-tagged amino acids were analyzed by capillary electrophoresis (CE) (Lalljie and Sandra, 1995; Liu et al., 2001 ). Data were collected by a computer with Spot Advanced software, and further processed with Scion Image and Origin software packages.
Dephosphorylation assay
Dephosphorylation assay of purified protein was performed as described previously (Gui et al., 1994a) . Briefly, the mature egg and fertilized egg extracts were incubated in alkaline phosphatase buffer (50 mM Tris -HCl, pH 8.0, 1 mM MgCl, 0.1 mm ZnCl, 100 mM KCl) containing 20 IU of calf intestine alkaline phosphatase at 37jC for 30, 60, 90 and 120 min, respectively. The reactions were stopped by addition of equal volume of 2ÂSDS-PAGE loading buffer, and reacted samples were run on a 15% SDS-PAGE to detect whether the dephosphorylation occurred.
Results and discussion
Identification and purification of a differential protein from gibel carp eggs
To identify the regulative protein factors, we subjected egg extracts from gibel carp and color crucian carp to electrophoresis to compare protein components between them. When the egg extracts were subjected to SDS-PAGE, no obvious differences were observed in the electrophoretic patterns because of numerous protein bands congregated on the SDS-polyacrylamide gradient gel (Fig. 1A) . However, when the egg extracts were subjected to native gradient PAGE, two sets of protein bands specific for the gibel carp and color crucian carp were respectively detected (Fig. 1B) . When the voltage was stepped down and the electrophoretic time was increased, the specific protein band became more obvious (data not shown). The migration rate of gibel carp-specific protein bands was faster than that of color crucian carp.
After examining many column resins and purification conditions, we developed a protocol to purify the gibel carp protein through three fractionation steps. The protein profiles at each step of purification were evaluated by SDS-PAGE and Western blot. As shown in Fig. 1C , the target protein existed in the flow-through, and large numbers of combined proteins were removed from the gibel carp egg extracts through the first P11 column. After the flowthrough was fractionated through the second DE-52 column, the protein profile eluted from 0.3 to 0.5 M NaCl was mainly composed of the target protein. After the third fractionation of CHT-2 column, only single target protein band was observed in the profile. Moreover, 2D-PAGE gel assay also revealed only one protein point (Fig. 1D) . Therefore, the target protein has been purified to homogeneity by the above three steps of chromatography. Relative molecular mass of the purified protein was estimated to be about 22 kDa (Fig. 1D) , and it is a basic protein for it was located near the basic end on the 2D-PAGE gel (Fig. 1D) . By using this protocol of three-step chromatography, about 1 mg of the target protein could be obtained from 2 g total protein of gibel carp egg extract. 
Cloning of a C-type lectin gene based on amino acid sequence analysis
The purified 22-kDa protein was separated on 12% SDS-PAGE and transferred to PVDF membrane. Partial amino acid sequencing gave one 12-amino acid N-terminal sequence (ADIDLRCQDGWT). A degenerate primer 5VGATAT(ACT)GATCT(AGCT)GG(AGCT)TGCCA(AG)-TAT(ACT)GATCT(AGCT)GG(AGCT)TGCCA(AG)GA 3V(23 bp) was designed based on code information of the two to nine amino acid residues, and used as forward primer to amplify cDNA fragment encoding the 22-kDa protein by combining with reverse primer M65 (reverse primer of the library vector). One single PCR band was produced from the egg cDNA library of gibel carp, and its identity was confirmed by nucleotide sequencing. The cDNA fragment was 542 bp in length with 34 bp poly-A tail, and the deduced amino acid sequence contained the other downstream three amino acids corresponding to the sequenced peptide.
According to the above cDNA sequence, a reverse primer (P2: 5VCTTCTTCCACAGCATCTTGAACA 3V) was synthesized, and used to amplify the 5V end in combination with M64, the cDNA library primer. Once more, a specific fragment was obtained from the egg cDNA library. The fragment was 446 bp in length and has a 223-bp overlap with the sequence obtained from the first time. Thus, one 778-bp cDNA with an open reading frame encoding a protein of 163 amino acids ( Fig. 2A) was obtained. The deduced protein sequence contains identical sequence of 12 amino acids from the sequenced peptide. So, the cDNA sequence should be responsible for coding the 22-kDa protein that was purified from the gibel carp egg extracts, although the calculated M r of the encoded protein is 18.6 kDa.
A search of sequence databases revealed that the deduced protein is a C-type lectin which is identical with two fish species common carp (Cyprinus carpio) (Fujiki et al., 2001) and rainbow trout (Oncorhynchus mykiss) (Zhang et al., 2000) C-type lectins (Fig. 2B) , and is highly related to sea raven (Hemitripterus americanus) and rainbow smelt (Osmerus mordax) type II antifreeze proteins (Fig. 2C) . The identity and similarity among them suggest that they may be homologs. Interestingly, common carp and rainbow trout C-type lectin cDNAs were cloned from immune cells, and were thought to be involved in the innate defense system (Fujiki et al., 2001) . Antifreeze proteins are typically secreted by the liver into the serum (Fletcher et al., 2001) , and can inhibit ice crystal growth and protect cells below the freezing point (Liou et al., 2000) . Gibel carp, discovered in cold northern China, can resist low temperatures in some extent. Preliminary antifreeze experiments indicated that the gibel carp eggs have higher livability than that of color crucian carp (C. auratus) and common carp (Cyprinus carpio) under a low-temperature (0 -1jC) environment (data not shown).
The deduced amino acid sequence of the C-type lectin shares high identity to that of C-type lectin from two fish species and antifreeze protein from two teleost fish, but it displayed no overall sequence homology or identity to any other protein sequence entered in a variety of protein databases (Fig. 2C) . The final 130 carboxyl-terminal amino acids showed similarity to a wide range of carbohydratebinding proteins, namely C-type lectins. The carboxyl terminus of the putative protein sequence was aligned with the carbohydrate recognition domains (CRDs) of several lectins with which it had the highest similarity scores (around 30% identity). This evidence suggested that the purified protein is indeed a C-type lectin that has a predicted structure of a 20-amino acid amino-terminal signal peptide and a 130-amino acid C-type lectin domain. Among the Ctype lectins, there are CRDs with a variety of distinct carbohydrate binding specificity. There are two overall types of Ca 2+ -binding site compositions among the C-type lectins: (1) within the lectins that bind galactose and its derivatives; and (2) within the lectins that bind mannose fucose, sialic acid, or N-acetylglucosamine (Drickamer, 1993) . The motif, EPN (Glu -Pro -Asp), specific for mannose-binding lectin, was found in the CRDs of the fish lectin. Another motif, which is extremely important in binding carbohydrate and Ca 2+ , is WND ''(Trp -AsnAsp)'', and the WND motif is invariant in CRDs according to Drickamer (1993) . WND motif can be found in the fish lectin too. All this analysis indicates that the differential protein in gibel carp is a C-type lectin.
Lectin activity and characteristics of the purified protein
A series of dilution experiments indicated that hemagglutination activity of the purified protein is strong for rabbit erythrocytes. The minimum concentration for agglutinating rabbit erythrocytes is 0.15 Ag ml À1 . The strong hemagglutination activity confirmed that the protein might be a kind of C-type lectin, because lectins have been demonstrated to combine with saccharides and to have hemagglutination activity (Lis and Sharon, 1986) . To determine saccharide specificity of the purified protein, we performed the hemagglutination activity inhibition assay. As shown in Table 1 , the purified protein hemagglutination activity was inhibited by D-mannose and L-fucose rather than by D-glucose, Dgalactose and L-xylose. Especially, the minimum concentration of D-mannose required for complete hemagglutination inhibition is only 0.4 mM. Therefore, D-mannose may be the most potent monosaccharide inhibitor for the purified protein. L-Fucose which possesses the same hydroxyl group orientation at C 2 and C 4 of the pyranose ring structure of Dmannose, also showed inhibitory effects. On the other way around, other monosaccharides tested showed no inhibitory activity even at concentration of 0.2 M (Table 1) . These results indicate that the purified protein is a D-mannose binding lectin. Ca 2+ dependence of the purified protein was analyzed too. Hemagglutination experiments under addition of extra EGTA or divalent cations indicated that EGTA, Mg 2+ and Zn 2+ obviously reduced hemagglutination activity of the purified protein, whereas Ca 2+ was able to increase its hemagglutination activity. As shown in Table 2 , the minimum concentration of the purified protein for complete inhibition of hemagglutination activity was reduced to 0.075 Ag ml À1 , which is half of the normal control. While the minimum concentration of the purified protein for inhibiting hemagglutination activity was increased up to more than 20 Ag ml À1 . Thus, hemagglutination activity of the purified protein is largely dependent on Ca 2+ (Table 2 ). So consistent with structure analysis, the differential protein purified from gibel carp eggs is a Ca 2+ -dependent C-type lectin.
Expression of GCOL at various tissues, oocytes and eggs
RT-PCR analysis indicated that the gibel carp C-type lectin mRNAs are expressed strongly in oocytes, and one very weak band was also detected in kidney, whereas no signals were detected from other examined tissues including blood cells, liver, spleen, heart and brain (Fig. 3A) . Furthermore, five types of various size oocytes at different growth and maturation stages and ovulated eggs were subjected to RT-PCR analysis. As shown in Fig. 3B , the C-type lectin mRNAs could be detected from primary growth oocytes to ovulated eggs, and the mRNA level was highest in the oocytes at completion stage of vitellogenesis. In fully grown oocytes and ovulated eggs, the mRNA levels decreased. The data implicated that the Ctype lectin transcription occurs at earlier stage before primary oocyte growth, and reached a relatively higher level during vitellogenesis.
Using the C-type lectin poly-antiserum from rabbit as primary antibody for Western blot to detect the extracts from three various size oocytes and four different tissues, we detected positive specific protein bands only in various stage oocytes. As shown in Fig. 3C , the C-type lectin just appears as a weak protein band in primary growth oocytes. In oocytes at vitellogenesis stage and fully grown oocytes, the C-type lectin produced two strong protein bands, and one of them is larger than that of the purified protein.
Because a cleavable 20-residue signal peptide was predicted as analyzed by signal P V2.0 program (Nieslen et al., 1997) , the larger band should be responsible to the fulllength protein with signal peptide, whereas the purified protein might be the secreted form with the signal peptide removed. Moreover, no positive protein bands were observed in other examined tissues including serum, liver, kidney and spleen. The data suggest that the C-type lectin expresses mainly in oocytes, and is related to oocyte growth and maturation. We designated it gibel carp oocyte C-type lectin, GCOL.
Translocation and exocytosis of GCOL during oocyte maturation and egg fertilization
The GCOL poly-antiserum prepared from rabbit was sufficient to localize the GCOL in various size oocytes and eggs and to trace its translocation in oocyte maturation and egg fertilization reaction. For these purposes, oocytes at cortical granule (alveolus) stage, oocytes at vitellogenesis stage (Tyler and Sumpter, 1996) , ovulated mature eggs, and fertilized eggs at 5 min and 30 min postfertilization were subjected to immunofluorescence investigation. In oocytes at cortical granule stage (Fig. 4A ), strong reaction with GCOL antiserum was observed, and the resulting fluorescence was randomly distributed in the cytoplasm (Figs. 4B,  C) . As vitellogenesis ensued and cortical granule displaced (Fig. 4D) , the lectin was gradually translocated to the periphery of the oocytes (Figs. 4E, F) . At that time, germinal vesicle remained in the center of oocytes, and the lectin was also observed within the nucleus (Figs. 4E,  F) . In ovulated mature eggs, the lectin and the cortical granules are further compressed to a thin layer beneath the cytoplasm membrane, and are the most distinct both in structure and morphology (Figs. 4G -I ). Cortical granule membranes were strongly stained, and the cytoplasm membrane was also stained by the GCOL antiserum (Fig. 4J) . The stained layer is the thinnest (Figs. 4H, I ) in all observed oocytes and eggs. Interestingly, cortical granule breakdown and lectin exocytosis was observed after fertilization. In the fertilized eggs at 5 min (Fig. 4J) , the stained lectin layer (Figs. 4K, L) becomes thicker than that in the unfertilized eggs (Figs. 4H, I ), which resulted from breakdown of cortical granules. Up to 30 min of postfertilization (Fig.  4M) , lectin exocytosis was performed. The exocytic lectin combines into the egg envelope, and results in the envelope fluorescence appearance (Figs. 4N, O) . And, some positively stained granules were also observed in the perivitelline space between the egg envelope and the cytoplasm membrane (Fig. 4O) . Obviously, lectin translocation was accompanied with cortical granule exocytosis in the fertilization process.
Co-localization of GCOL and cortical granule component
In the above results, we observed that GCOL were localized in a region something like a cortical granule, but the localization relationship between GCOL and cortical granule components was not confirmed. Cortical granules can be visualized microscopically by Lens culinaris agglutinin-biotin (LCA-biotin) and Texas red-streptavidin fluorescence according to previous reports (Abbott et al., 1999; Ducibella et al., 1988) . In this paper, double immunolabeling was performed using the GCOL antibody to GCOL with green fluorescence (FITC) in combination with biotin-LCA to cortical granule with red fluorescence (Cy3) to show localization of GCOL and cortical granule at the same time. LCA-biotin/Cy3-strepavidin staining demonstrated that granular staining appeared to be primarily localized in the cortex (Figs. 5B, F) . LCA has specific affinity to D-mannose and L-fucose (Howard et al., 1971) , so egg envelope was strongly stained too. At the same time, GCOL were located immediately beneath the cytoplasm membrane just like a ring around ooplasm and the inner side of plasma membrane (Figs. 5A, E) . Lapping over the two fluorescence labeling staining picture shows that the staining region of GCOL and cortical granule are completely in superposition because the stained color changed to yellow except the egg envelope (Figs. 5C, G) . The co-localization of GCOL and cortical granule was nevertheless evident for this conclusion: GCOL is located on cortical granule and GCOL is a kind of cortical granule lectin.
Many studies had been done to identify the content of cortical granule. In sea urchins, about 12 proteins had been found in cortical granules, such as: oxoperoxidase, protease, glucanase, structural proteins, hyaline, etc. (Wessel et al., 2001) . In Xenopus, the basis of cortical granule is glucosaminidase and a 43-kDa, calcium-dependent, galactose-specific lectin (Grey et al., 1974) . In mammals, about six major proteins had been identified in cortical granules, such as protease, glycoconjugates, N-acetylglucosaminidase, etc. (Gross et al., 2000) . Lectins have been suggested as important components of vertebrate cortical granules (Krajhanzl, 1990) , and are involved in the formation of fertilization envelope and in blocking polyspermy (Quill and Hedrick, 1996) . XL35 is a soluble lectin that makes up about 70% protein in Xenopus cortical granule and is conserved within amphibians (Nishihara et al., 1986) . Human homologs of XL35 had been obtained by Lee et al. (2001) . A 50-kDa protein-CRT was detected in hamster eggs and located on cortical granules (Munoz-Gotera et al., 2001 ). This protein acts as a lectin that binds a carbohydrate, usually an oligosaccharide with very high affinity and specificity, mediating cell-to-cell interactions, involved in chaperoning glycoproteins. CRT participated in the polyspermy blocking process in several ways. In the current study, a C-type lectin has been identified as a major component of cortical granules in the fish. The discovery of GCOL, the oocyte C-type lectin, provides a good opportunity for understanding how this lectin is related to formation of cortical granules and translocates during oocyte maturation and egg fertilization. RT-PCR and Western assays indicate that the C-type lectin is expressed mainly in oocytes, and produces obvious translocation during oocyte maturation and egg fertilization.
GCOL phosphorylation and dephosphorylation during egg fertilization and early embryonic development
Western blotting further revealed one specific modification change of the lectin that occurs in the process of fertilization. The lectin appears as three positive specific protein bands (about 25.5, 25 and 22 kDa) in the fertilized eggs instead of two bands (about 25 and 22 kDa) in unfertilized eggs on the SDS-PAGE. The newly appeared protein band reduces mobility on the gels because of the modification. It emerged from fertilization to morula embryos, and disappeared after blastula embryos (Fig. 6A) . Artificial insemination and water stimulation experiments indicated that the mobility shift is responsible for the egg fertilization but not for the water activation. As shown in Fig. 6B , the mature eggs that were immersed in water without sperm do not show any change in the GCOL. That is to say GCOL modified after fertilization depends on the insemination of sperm.
Moreover, the mobility shift can be eliminated by phosphatase treatment (Fig. 6C) . The data suggest that the lectin phosphorylation occurs in the process of fertilization, and may play significant roles in translocation and exocytosis of the cortical granule materials. Thus, for the fertilization and cortical granule exocytosis, the lectin may need to be phosphorylated, whereas for the early embryonic development, the lectin is probably dephosphorylated.
CE has successfully identified phosphorylated proteins and phosphoamino acids (Liu et al., 2001) . In this study, the 25-kDa protein that appeared before fertilization and the 25.5-kDa protein that appeared after fertilization were isolated and acid hydrolyzed, and the hydrolyzed amino acids were comparatively analyzed by CE to provide further chemical evidence that GCOL was phosphorylated during fertilization. At first, the standard amino acids Glu and Asp were added into the hydrolyzed products to distinguish the phosphoamino acids. As shown in Figs. 7A and B, one specific peak for the 25-kDa protein was observed after the standard peaks of amino acids Glu and Asp. This implicates that one specific amino acid of GCOL has been phosphorylated during fertilization. To further identify the phosphoamino acid residue, three phosphorylated standard amino acids Tyr, Thr and Ser were added into the hydrolyzed products of the 25.5-kDa protein, and were further analyzed by CE. As shown in Figs. 8A and B, the standard phosphoamino acid Thr could overlap the specific peak for the 25.5-kDa protein. The co-electrophoresis data confirmed that the GCOL was phosphorylated on Thr residue, and suggested that a catalytic threonine kinase might be involved in the modification of GCOL during fertilization. Fertilization is known for bringing enormous changes to the egg cortex (Sardet et al., 2002) , and the most visible consequence of the changes is the formation of fertilization envelope due to cortical granule exocytosis and subsequent transformations of the extracellular layer. The binding of gametes at fertilization produces a cytoplasmic Ca 2+ increase, and triggers cortical reaction. The cortical reaction is the exocytosis of cortical granules into the perivitelline space, between the plasma membrane and the vitelline envelope. In sea urchin eggs, cortical granules, which are in the cortex, undergo exocytosis, releasing several components into the perivitelline space. First, proteases cleave the proteins that attach the vitelline envelope to the plasma membrane. At the same time, sugars that were released from the cortical granules attract water into the perivitelline space and form a hyaline layer that lifts the vitelline envelope (called the zona pellucida in mammals) off the egg plasma membrane. Next, peroxidases harden the vitelline envelope; the hardened envelope is then called the fertilization envelope. Finally, enzymes released from the cortical granules modify the envelope's components, making the envelope impermeable to sperm (Kalthoff, 2000) . Therefore, fertilization envelope erects a physical barrier, which participates in the block to polyspermy. At the same time, egg envelope undergoes a conformational change known as ''hardening''-an increased resistance to physical deformation, thermal dissolution and proteolysis (Quill and Hedrick, 1996) , which protects the developing embryos. In the current study, GCOL was discovered to associate and translocate with the cortical granules during oocyte maturation and egg fertilization. GCOL is a cortical granule Ctype lectin, and is phosphorylated and dephosphorylated during fertilization and early embryo development (Fig. 6 ) and excluded into the perivitelline space along with cortical granule exocytosis. Moreover, GCOL is one of the most abundant proteins in oocyte (about 0.1%). We believe that GCOL may play an important role in polyspermy blocking and embryonic development protection.
Oocyte maturation and egg fertilization in vertebrates and invertebrates are associated with cytoplasmic translocation within the cell. At the same time, cortical granules accumulate and randomly distribute within the cytoplasm during oogenesis and translocate to the oocyte surface and anchor to the plasma membrane, which is prepared for exocytosis along with egg fertilization. Timing and patterns of cortical granule translocation appear to vary in different species. In sea urchin, cortical granules translocate from the oocyte cytoplasm to the cell surface just before oocyte maturation (Berg and Wessel, 1997) . In starfish, cortical granules move to the cortex and accumulate there throughout oogenesis, whereas in mice, the cortical granules translocate during meiotic maturation but do not dock at the plasma membrane until fertilization (Reimer and Crawford, 1995) . In fish, cortical granules initially appear circumferentially and occupy many fold shells within the cytoplasm. With the maturation, they continue to form and translocate to the periphery of the oocyte and docked beneath the plasma membrane at last (Wallace and Selman, 1990) . One current hypothesis suggests that the cortical granules are displaced to the plasma membrane by centripetal accumulation of yolk proteins. In this paper, the observed translocation of cortical granules in gibel carp shows that the hypothesis is rational to some extent. The exact mechanism of cortical granule translocation is of great interest. Wessel et al. (2002) have observed that cortical granule translocation is microfilament mediated and linked to meiotic maturation in the sea urchin oocyte.
In summary, we have identified and cloned an abundant C-type lectin from the gibel carp oocytes. We have observed the translocation and phosphorylation of GCOL during oocyte maturation and egg fertilization, and demonstrated that it is a major component of cortical granules. Thus, the C-type lectin in this paper provides a good target molecule to understand cortical granules and the functional roles and to tackle a series of interesting problems on oocyte growth, maturation and egg fertilization in vertebrates (Sato et al., 2000; Wassarman et al., 2001 ).
